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Fig. 22a: Laboratory and field determined condictivity data
at the 10-20 cm, 28-40 cm, 60-80 cm and 95-115 cm
depths of the grey podzolic soil.

(Legend as in Fig. 22b)
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Fig. 22b: Laboratory and field determined conductivity data

at the 120-140 cm and 160-180 cm depths of the grey
podzolic soil.
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In order to have standardized criteria for the comparison
of the methods, tables 6a and b were prepared with the same
data as in Figs. 22a and b. In the table 6a, the conductivity
data by the different methods are compared with the steady-
state method (short column version) for each depth. Table 6b
shows the data from each method and for all the depths. Com-
parison is made with respect to the deviation of the methods
from the reference method at different suction levels, and their
slope characteristic. As a standardized criterion, the difference
of logarithm was used because this gives a constant proportion-
ality between the data and the reference k-value. The
following classification was used:

Deviation (S) % Deviation
(o7 g 25 very good
0.2 2 60 good
0.3 2 100 fair
0.4 2 150 poor
0:5 =] 320 very poor
> 0.5 not comparable

This proportionality holds always with respect to the smaller
value, that is, if the deviation is > O, the compared con-

ductivity value is as indicated, bigger than the value by the
steady-state method (short column version). On the other hand,
if the deviation is < O, then the value by the steady-state
method is bigger than the compared value by this number. In the
last column of tables 6a and b, an inference based on these
criteria has been drawn as to how good or bad the different
results agree with the result from the reference method.

In the Ap 10-20 cm depth, the evaporation method agrees
well with the reference method. The results by the steady-
state method (long column version) with samples in acrylic
glass also agree fairly well with results from the short
column version. However, there is tendency of lower k values



Characteristics of the other methods in comparison

Horizon/Depth Method ) with the steady-state method (short column version)
(cm) Deviation (S) at suction levels (cm water) of
10 20 30 40 50 70 80 Slope of curve Inference

Steady-state method:
long-column version - -0.32 -0.10 -0.05 0 +0.02 +0.02 gentler slope good
(samples in acrylic glass)

Ap 10-20 Evaporation method -0.11 -0.15 0 -0.01 -0.02 -0.02 -0.02 MOFe OF less the ... g

same slope

Outflow method: long
column version (sample - +0.72 +0.67 +0.16 +0.15 -0.14 -0.39 steeper very poor
in acrylic glass)

Field method = - = - - s = much steeper

Steady-state method:
long column version - -0.26 -0.38 -0.44 -0.47 -0.63 - steeper poor
(sample in acrylic glass) ‘

One-step method -0.46 -0.64 -0.65 -0.67 - - - steeper not comparable
Al, 28-40 Gurflon’ methods shoxt 40,32 $0.17 #0.13 40,11 #0.08 -  Wore or lessthe ..  sod
1 column - small increment same

Outflow method: long
column - small increment -0.20 -0.26 -0.50 -0.60 -0.70 -0.86 = steeper not comparable

version (acrylic glass)

Field method - - - - - - - very much steeper

- ® gg -




Characteristics of the other methods in comparison

Horizon/Depth Method with the steady-state method (short column version)
(cm) Deviation (S) at suction levels (cm water) of
10 20 30 40 50 70 Slope of curve Inference
Steady-state method: long
column version (acrylic - +0.59 +0.28 +0.04 +0.12 +0.19 very much steeper fairly good
glass)
One-step method -0.14 -0.11 -0.16 -0.23 -0.35 -0.56 it ::miess the  rairly good
Evaporation method ~ = - - - - steeper
Al 60=50 ‘c’z‘l"ﬁrts"’v':i:’l‘z: short +0.08 +0.26 +0.30 +0.34 +0.37 +0.41 gentler slope fair !
©
w
Outflow method: long o
column - small increment +0.47 +0.25 +0.06 -0.07 -0.16 -0.31 much steeper good
version (acrylic glass) !
Field method - - - - - - very much steeper
Steady-state method: Tore Bf 1588 the
long column version - -0.24 -0.29 -0.32 -0.40 -0.38 Lim fairly good
(acrylic glass)
Steady-state method:
h ;
A/B_95-115  long column (synthetic - -0.34 -0.29 -0.26 -0.28 -0.34 RoEs ::miess the  fairly good
coated)
Die=gibep melkholt -0.89 -0.50 -0.25 -0.14 -0.31 . ke o Lees the poor

same



Characteristics of the other methods in comparison

Horizon/Depth Method with the steady-state method (short column version)
(cm) Deviation (S) at suction levels (cm water) of
10 20 30 40 50 70 Slope of curve Inference

Outflow method: short 1 th
column - small increment +0.03 +0.10 +0.17 +0.22 +0.20 +0.19 T ::meess < good
version
Outflow method: long
column - small increment +0.14 -0.40 -0.65 -0.78 -0.90 -1.19 much steeper not comparable

A B, 95-115

1t (acrylic glass)
Outflow method: long
column - small increment -0.35 -0.40 -0.49 -0.59 -0.68 -0.94 much steeper not comparable
(synthetic coated) !

-]
Field method = - - L = s very much steeper :
1
Steady-state method: sore or less! the
long column version - +0.11 +0.14 +0.17 +0.23 +0.20 good
: same

(synthetic coated)
One-step method -0.19 -0.53 -0.38 -0.28 -0.16 - steeper fair

Btl 120-140 Evaporation method - - - - - - steeper
Sutflow method: SOXE .0.28 40,48 —0.45 40.13 00,16 40.20 moxe or Iems the e
column - small increment same
Outflow method: long
column - small increment -0.13 -0.24 -0.36 -0.49 -0.56 -0.76 much steeper poor

(acrylic glass)



Characteristics of the other methods in comparison
Horizon/Depth Method with the steady-state method (short column version)

(cm) Deviation (S) at suction levels (cm water) of

10 20 30 40 50 70 80 Slope of curve Inference

Outflow method: long
column - small increment +0.23 -0.08 -0.20 -0.29 -0.31 -0.36 - steeper fairly good
Btl 120-140 (synthetic coated)

Field method = = - - - - - gentler slope

Steady-state method: long

column version (synthetic - +0.71 +0.57 +0.47 +0.42 +0.47 - steeper very poor

coated) 1
@

Evaporation method - - - - - - - steeper v
o
1

Outflow method: long
column - small increment +0.68 +0.22 -0.10 -0.30 -0.47 -0.69 - much steeper poor
(acrylic glass)

Bt, 160-
2 180 Outflow method: long

column - small increment +1.10 -0.30 -0.19 -0.56 -0.81 -1.20 - very much steeper not comparable
(synthetic coated)

Field method = = = = = = = gentler slope

log (value considered) + S = log (reference value)

Table 6a: Comparison of hydraulic conductivity data by the different methods (laboratory and
field) with the data by the steady-state method (short column version) at six
depths of the grey brown podzolic soil.



Characteristics of the other methods in comparison

Method Horizon/Depth with the steady-state method (short column version)
(cm) Deviation (S) at suction levels (cm water) of
10 20 30 40 50 70 80 Slope of curve Inference
Ap 10-20 = -0.32 -0.10 -0.05 0 +0.02 +0.02 gentler slope good
Steady-state method: I\l1 28-40 - -0.26 -0.38 -0.44 -0.47 -0.63 - steeper poor
long column version
(sample in acrylic Al2 60-80 - +0.59 +0.28 +0.04 -0.12 -0.19 - very much steeper fairly good
glass) more or less the
A _B_ 95-115 = -0.24 -0.29 -0.32 -0.40 -0.38 = fairly good
1°t same
A B, 95-115 - -0.24 -0.29 -0.26 -0.28 -0.34 - pore or 1eSS R fairly good
Steady-state method: more or less: the
long column version Bt, 120-140 - +0.11 +0.14 +0.17 +0.23 +0.20 - good
N 1 same
(synthetic coated
sample) Bt2 160-180 - +0.71 +0.57 +0.47 +0.42 +0.47 - steeper very poor
All 28-40 -0.46 -0.64 -0.65 -0.67 - - - steeper not comparable
AL, 60-80 -0.14 -0.11 -0.16 -0.23 -0.35 -0.56 - more ngiess the  cairly good
Diie-~dtap wethod more or less the
A_B_ 95-115 -0.89 -0.50 -0.25 -0.14 -0.31 = - poor
1t same
Bt1 120-140 -0.19 -0.53 -0.38 -0.28 -0.16 - - steeper fair
AL, 28-40 0  +0.22 +0.17 +0.13 +0.11 +0.08 - more or less the ... gocd
1 same
Outflow method: short A12 60-80 +0.08 +0.26 +0.30 +0.34 +0.37 +0.41 - gentler slope fair
column - small incre- o -
ment A B 95-115 +0.30 +0.10 +0.17 +0.22 +0.20 +0.19 - more or Less the 504
1t same
Bt, 120-140 +0.28 +0.19 +0.15 +0.13 +0.16 +0.20 - SOER Br Testithe.

1

same

- ® 98



Characteristics of the other methods in comparison

Method Horizon/Depth with the steady-state method (short column version)
(cm) Deviation (S) at suction levels (cm water) of
10 20 30 40 50 70 80 Slope of curve Inference

Ap 10-20 - +0.72 +0.67 +0.38 +0.16 +0.14 +0.39 steeper very poor

Al1 28-40 -0.20 -0.26 -0.50 -0.60 -0.70 -0.86 - steeper not comparble
Outflow method: long
column - small incre- Al2 60-80 +0.47 +0.25 +0.06 -0.07 -0.16 -0.31 - much steeper good
ment (sample in
acrylic glass) AlBt 95-115 -0.14 -0.40 -0.65 -0.78 -0.90 -1.19 - much steeper not comparable

Bt1 120-140 -0.13 -0.24 -0.36 -0.49 -0.56 -0.76 - much steeper poor

Bt2 160-180 +0.68 +0.22 -0.10 -0.30 -0.47 -0.69 - much steeper poor
Outflow method: long AlBt 95-115 -0.35 -0.40 -0.49 -0.59 -0.68 -0.94 - much steeper not comparable
column - samll incre-
ment (synthtetic coated Bt1 120-140 +0.23 -0.08 -0.20 -0.29 -0.31 -0.36 - steeper fairly good
sample)

Bt2 160-180 +1.10 +0.30 -0.19 -0.56 -0.81 -1.20 - very much steeper not comparable

Table 6b: Comparison of hydraulic conductivity data (same data as in table 6a) of the
different laboratory methods with the data by the steady-state method (short
column version) at different depths.

= q 98 =
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by the long column version in the lower suction range (< 20 cm
of water). Deviation in results is obtained by the outflow
method (long column version) with the samples in acrylic glass.
It can be seen from Fig. 22a that all the methods except the
field method give the same k value at about 56 cm of water
suction level. In the Al1 28-40 cm depth, results from the
different methods with the exception of the outflow method
(short column - small increment version) deviate from the re-
sult of the steady-state method (short column version). The
deviation is more with increased suction. There is however a
tendency for similar results by all the methods in the lower
suction range (< 10 cm of water). In the Al2 60-80 cm depth,

_ the conductivity values as measured by the one-step method
agree best with the reference values. From Fig. 22a it can be
seen that the k function by one-step method lies below the

k function by the reference method. The opposite of this re-
sult was obtained by the outflow method (short column version).
The conductivity values as were determined by both the steady-
state method (long column) and the outflow method (long column)
using samples in acrylic glass are higher than the values by
the reference method at suction levels < 40 cm and < 30 cm of
water column, respectively. Above these suction levels, the
two methods give lower results.

In the AlBt 95-115 cm depth, the outflow method (short
column - small increment version) yields results which agree
best with the results by the reference method. As in the
60-80 cm depth, results by the former are higher at all suction
levels than the reference method. The other laboratory methods
all give k values which are lower than the values by the steady-
state method (short column version). However the results by
the steady-state method (long column version) with samples in
acrylic glass or synthetic coated samples agree better than
the results from the same samples but using the outflow method.
In the Bt1 120-140 cm depth, the steady-state method (long
column version) with the synthetic coated sample and the outflow
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method (short column - small increment version) give more or
less the similar results. The k values by these two methods
are little higher than those of the reference method at the
same suction. The k values as were determined by the outflow
method (long column version) using the sample in acrylic glass
and synthetic coated sample are lower than the k values by the
reference method except below the 20 cm water suction where
by the synthetic coated sample higher k values are obtained.
As in the 95-115 cm depth, results by the outflow method
(long column version) deviate more and more from that of re-
ference method with increased suction. Similarly the form of
the k function by the one-step method is similar to that of
the same method in the 95-115 cm depth.

In the Bt2 160-180 cm depth, the results by the other
methods deviate considerably from the results obtained by the
steady-state method (short column version).

As a final observation it can be seen from Figs. 22a and
b that the slope of the k function by the evaporation method
corresponds to the slopes by outflow method (long column version)
in the 60-80 cm, 120-140 cm and 160-180 cm depths.

From Table 6b it can be seen that the hydraulic conductivity

data as determined by the steady-state method (long column

and using the sample in acrylic glass) are higher than the
reference data in the 60-80 cm depth but lower in the 20-40 cm
and 95-115 cm depths. In the 10-20 cm depth, lower values are
obtained at suction levels < 40 cm of water column but higher
values at the 70 cm and 80 cm of water column suction levels.

On the average, the data by this method deviate by + 0.26 from
the reference data. The slopes of the curves vary from gentler
to very much steeper slope compared with the slope of the

reference curve.
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Using the same method but the synthetic coated sample,
it can be said that similar result as mentioned above are also
obtained. In the 95-115 cm depth, the k data are smaller than
those of the steady-state method (short column version) where-
as in the 120-140 cm and 160-180 cm depths, higher k values
are obtained. The average deviation is + 0.41 by this sample.
The slope of the curves in the 95-115 cm and 120-140 cm depths
is almost the same as the slope by the reference curve but a
steeper curve is obtained in the 160-180 cm depth.

The one-step method gives data which are lower at all the
suction levels and in all the depths. The average deviation is
- 0.38. Steeper slopes are obtained in the 28-40 cm and 120-
140 cm depths whereas in the 60-80 cm and 95-115 cm depths the
slopes of the curves are similar to the reference curve.

By the outflow method (short column - small increment
version), the results are opposite to those by the one-step
method, that is, the k values are higher at all suction levels
and in all the depths. The average deviation is + 0.20. The
slopes of the curves are almost the same as those of the steady-
state method (short column) except in the 60-80 cm depth where
a gentler slope is obtained.

For the samples in acrylic glass column, the conductivity
data as was determined by the long column version of the out-
flow method are higher than those obtained by the reference
method in the 10-20 cm depth. The opposite of this result is
obtained in the 95-115 cm and 120-140 cm depths. The average
deviation is + 0.44. The curves are all steeper than the

reference curve.

For the synthetic coated sample, the k data are higher
in the 95-115 cm depth. The same could be said for the 120-
140 cm and 160-180 cm depths except at the 10 cm and 20 cm
of water column suction levels, respectively. The deviation
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is on the average + 0.51. The slope of the curves is steeper.
From the results shown in table 6b, it can be concluded that
the steady-state method (long column version and using samples
in acrylic glass) and the outflow method (short column - small
increment version) gave results which are in reasonable agree-
ment with the results by the steady-state method (short column
version). The best agreement is however obtained by the latter
of the two methods.
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5.5 CLOSING REMARKS

In judging the usefulness of the different laboratory
methods for the routine determination of the hydraulic con-
ductivity of unsaturated soils, it might be concluded that
no one method has completely surpassed the others. The different
methods have their advantages and disadvantages.

In this study the evaporating method has not been found
very useful for the routine determination of hydraulic con-
ductivity since the method seems to be too limited to certain
soils, and the suction range at which results may be obtained
seems also to depend on the form of the moisture characteristic
of the soil. However this method yields results in the higher
suction ranges where it is difficult to obtain results from
the other methods since the other methods are dependent on the
estimation of outflow volumes. For problems dealing with pro-
cesses which are significant in the higher suction range (which
have been excluded in this study) such as water uptake by roots,
the usefulness of this method must be evaluated quite differently.
The method is rather easy and quick and except the pressure
plate apparatus (for determining soil-moisture characteristic),
no other special and expensive laboratory equipment is needed.
A disadvantage of the method is the calculation involved. Another
disadvantage of this method could be the relative inaccuracy
of graphical differentiation and integration as discussed by
Kirkham and Powers (1972). A further disadvantage is that pre-
liminary tests are always required for each soil and the different
depths in order to select the temperature of the warm air and
the distance of the air outlet to the soil surface so as to
attain the cumulative evaporation-square root of time linearity.
As a conclusion, it may be said that this method is best suited
to soils with uniform pore-size distribution.
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The outflow method generally involves calculations which
are complicated and time consuming. Since the flux and the
hydraulic gradients are time dependent factors, they need to
be measured often at various times. So an experimental setup
for an outflow experiment may require expensive laboratory
equipments to measure tension or water content changes or
both. However, the short column - small increment version as
was done in this work may be found very useful in the routine
determination of the hydraulic conductivity of unsaturated
soils. The method may be found relatively quick since it in-
volves only the measurement of the cumulative outflow and
the tensiometer reading. In addition, a simple graphical analysis
of data has been employed. The hydraulic gradient and the in-
stantaneous outflow rate are taken only at one point and are
obtained directly from the tensiometer reading versus time and
the cumulative outflow-time curves, respectively. The results
may be as reliable as those produced by the steady-state method
(short column version).

The outflow method (short column - large increment version)
known as the one-step method has the advantage of greater speed
as compared to the small increment version since only one equi-
libration is needed. The results obtained may not be as reliable
as those produced by the small increment version since by the
one-step method the slope of the moisture characteristic is
additionally needed to calculate the conductivity and thus
increase the variability in results. The volumetric measure-
ments are somewhat easier because of the relatively larger
volumes to be measured. If the moisture-content-pressure head
is known (from separate measurements), the conductivity func-
tion may be calculated. Like the evaporation method, the one-
step method is only applicable to the determination of the
drainage diffusivity function.
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Steady-state methods in general have the disadvantage of
requiring relatively long times to establish steady flow. The
short column version has been used as a reference method since
the method can be controlled physically and requires no assump-
tions and/or simplifications. Because of the relatively easy
sampling technique (core sampling) as opposed to the acrylic
glass columns or synthetic coated samples, replicates of up
to 10 per soil depth may be taken. But when and where laboratory
determinations on such large number of samples are quickly re-
quired, the steady-state method (short column version) may not
be found very useful since it requires a long time to establish
steady flow. The method yields directly a conductivity function
and the calculations required are quite simple and not time con-
suming. The inaccuracy in results obtained are generally small
since the method does not involve the determination of the
soil-moisture characterisitc curves which in themselves have
some degree of variability.

The soil sampling technique played an extra role in the
laboratory determination. From the results obtained in section
5.2.3. it can be said that the polyester sampling technique
could be restricted to stony soils, in which case soil samples
can be obtained without distrubing the soil structure. This
is because this sampling technique and the acrylic glass soil
columns yielded results which are close but the polyester samp-
ling technique requires more labour and time. A further advan-
tage of samples taken in acrylic glass is that the column is
transparent and tensiometers can be installed exactly at the
boundaries of soil horizons. Nevertheless, both of these
sampling techniques are more tedious and require more time than
taking samples with short cores. Secondly, longer time is re-
quired to determine the moisture transmission of such large
columns or blocks. From table 6éb it can be concluded that the
steady-state method yielded better results than the outflow
method using these two sampling techniques.
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Among the different laboratory methods tested in the
work, the outflow method (short column - small increment
version) could be considered as a method which has all the
good characteristics of the steady-state method (short column
version). In addition the method is quick and the method of
graphical analysis of data is simple. As a conclusion, it can
be said that the outflow method (short column version) could
be a good substitute for the steady-state method (short column

version).
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6. SUMMARY

Quantitative description of the soil water behaviour in
the unsaturated soil 2zone requires knowledge of the hydraulic
conductivity and moisture characteristics of the soils involved.
Mathematical models are increasingly used to simulate the be-
haviour of water in the unsaturated soil zone. This in turn
provides a comprehensive means of linking all processes in-
volved in the water turnover of ecosystems and thus determining
for instance the components of the water balance equation such
as seepage, runoff or evapotranspiration as a function of time.
Therefore, the determination of these time dependent components
of the water balance equation for ecosystems requires the de-
termination of reliable hydraulic conductivity as a function
of water content or suction of the individual horizons of the
soil being investigated.

On the other hand, only a limited range on the low suc-
tion side of the conductivity function is needed, O < y < 100 cm
water suction, as long as attention is primarily paid on the
calculation of the downward seepage below the root zone. This
is because this output variable approaches negligible rates
once the suction surpasses values well below 100 cm water column
in the region below the root zone. For this reason, the hy-
draulic conductivity as a function of suction was primarily
determined by means of different methods within the mentioned
suction interval.

Reviewing the literature, one finds numerous and different
concepts and approaches for the determination of the K(e) or
K(w) functions (K = hydraulic conductivity, 6 = water content,
y = suction). But none of these concepts and approaches could
be said to be superior to the other for they have their ad-
vantages and disadvantages.
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Some of the existing methods were tested again and new
versions and techniques were also introduced. The criteria for
the selection of only some of these numerous methods as well
as the introduction of new versions and techniques were based
on practical reasons, which were mainly equipment available
for the determination, time requirement and sampling techniques.
Because of their simple theoretical base and straightness of
experimental application, methods based on a steady-state flux
have been given preference so far in the already mentioned ex-
perimental work. But, nevertheless, the question of verification
of the methods remained as well as the desire for more effecitve
methods.

Verification was sought by comparing results with corres-
ponding ones of field method. More effective, that is in part-
icular less time consuming methods were expected from non-
steady-state methods. Further problems arose with respect to
stony and heterogeneous (layered) soils, requiring special
sampling techniques and sample volumeé. It is essential to
answer the question if sampling technique as well as sample
size and treatment give similar results as by the steady-state
method on "homogeneous" soil samples, that is, small undisturbed
samples.

After reviewing the theoretical fundamentals associated
with the methods used in this work and some of the numerous
publications, the methods were described and the hydraulic
conductivity of samples measured. The results obtained from
the different methods were discussed under two viewpoints,
namely: Firstly, the results obtained from each method were
given and discussed; secondly, as the main aspect of this
work, the results by the different methods were compared using
the steady-state method (short column version) as a reference.
In addition to the experimental data, the advantages and dis-
advantages of the methods based on such criteria as the amount
of work and length of time required were also given.
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The evaporation method was compared with the reference
method using their soil types: a grey brown podzolic soil de-
rived from loess, a gley podzol and a "Pelosol". Conductivity
data by the two methods agreed best in the Ap 10-20 cm depth
of the grey brown podzolic soil and fairly good in the P
50-60 cm of the "Pelosol". Deviation was found by the B

2

50-60 cm of the gley podzol. Similar comparison could not be
made in the other depths of the grey brown podzolic soil be-
cause the evaporation method yielded results in the higher
suction levels only.

The conductivity functions obtained by the different
methods on the grey brown podzolic soil were compared. The
deviation (S) of the K data of the method from the reference
method at different suction levels was given as: log (value
considered) + S = log (reference value), whereby if S > O,
the considered value > reference value and if S < 0O, then
the reference value > than the considered value. The deviation
of the results ranged from + 0.2 to + 0.5 units on the average.
The best agreement was obtained from the outflow method (short
column - small increment version) in which the average devi-
ation was + 0.2.

Generally it can be said that no method completely sur-
passes the other since all the methods have their advantages
and disadvantages. However, for the routine determination of
the hydraulic conductivity in the laboratory, the outflow
method (short column - small increment version) could be a
good substitute for the steady-state method. As far as re-
sults from this work are concerned, it cannot be said with
all certainty to what degree the sampling technique, sample
size and sample treatment affect the results. The two sampling
techniques (which were considered specially in this work -
samples in acrylic glass column and the synthetic coated samples)
produce results which are quite reproducible and are close with
one another. However, the results varied from that of the
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reference method and depended also on the methods used. It

can be said that since the use of polyester coating 6n soil
block is very tedious and time consuming, it may be suggested
that this sampling technique be restricted only to stony soils
where it may be difficult to obtain undisturbed samples by
other sampling techniques.
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